The syntheses of representative examples of five classes of new heterocyclic ligands are described. These include N,N'-chelating bis-heterocycles, binucleating ligands, cyclometallated compounds, chiral ligands and a family of polyheteroaryl-linked arenes.
Introduction
For many years now, we have been involved in the synthesis of new heterocyclic compounds for use in coordination, organometallic and metallosupramolecular chemistry. In this review the syntheses of representative examples of five different classes of ligands are reviewed. These all incorporate N,N'-bidentate coordinating binding domains similar to that found in 2,2'-bipyridine, which has been used as a ligand for well over a century [1] and shown to coordinate to almost any metal in the periodic table [2] .
N,N'-Chelating Bis-heterocycles
Despite the long history of 2,2'-bipyridine in coordination chemistry, only relatively recently has it been recognized that replacement of one, or both, of the pyridine rings with other heterocyclic rings can result in dramatic changes to the physicochemical properties of the resulting complexes [3] . We have synthesized many previously unstudied bis-heterocycles and investigated their coordination chemistry. In general the synthetic procedures involve relatively simple reactions in which either two pre-formed rings are coupled by metal-catalyzed couplings or nucleophilic substitution reactions, or alternatively one, or both, of the rings can be generated by ring-forming condensations or cycloadditions. These ligands can be divided into symmetrical and unsymmetrical examples. The syntheses of three representative examples are shown in Scheme 1.
Scheme 1.
Ligand 1 contains isoquinoline and benzotriazole rings and is readily prepared from 1-chloroisoquinoline and benzotriazole by nucleophilic substitution [4] . Ligand 2, containing pyridine and 1,2,5-thiadiazole rings, is prepared from 2-vinylpyridine by reaction with trithiazyl trichloride [5] . Ligand 3 is a symmetrical 3,3'-bi-1,2,4-oxadiazole and is readily prepared from rubeanic acid by double cyclocondensation of the intermediate oxalamidoxime [5] . Ligands such as these have proved useful for the construction of various mononuclear and multinuclear metal complexes. The incorporation of π-excessive azole rings into such chelating ligands results in very different properties for the resulting complexes, compared to the π-deficient azines, such as pyridine. Many of the ligands we have synthesized incorporate heterocyclic rings that have not previously been used as ligands. We have also extended this work to N,N',N"-tridentate ligands, analogous to 2,2',2"-terpyridine.
Binucleating Ligands
Ligands that have two N,N'-bidentate binding domains are used to bridge two metal centres [6] [7] [8] .
There is much interest in the nature, and magnitude, of metal-metal interactions in such complexes [9] . We have synthesized a number of such ligands. Scheme 2 shows the syntheses of three representative examples, which bridge two metal centres with progressively increasing metal-metal separations. The dipyridylpyrimidine 4 was readily prepared by two sequential condensation reactions, starting from methyl picolinate and 2-acetylpyridine [10] . The 1,5-naphthyridine 5 was prepared by nucleophilic substitution of the dichloro precursor using sodium pyrazolate [11] . The quaterpyridine 6 was made by nickel(0)-mediated homocoupling of 4-chloro-2,2'-bipyridine [12] . Cyclic voltammetry of dinuclear ruthenium complexes of ligands 4-6 revealed a progressive reduction in the metal-metal interactions within the series, as the metals move further apart.
Cyclometallated Analogues
Replacement of one of the N-donors of such ligands by a carbon atom leads to C,N-chelating systems that represent the interface between organometallic and coordination chemistry [13] . We have studied many such cyclometallated compounds, with particular emphasis on cyclopalladation reactions and the complete assignment of 1 H and 13 C NMR spectra of C,N-chelating cyclopalladated compounds [14, 15] . We have extended this to the study of doubly cyclopalladated compounds, such as 7 and 8 (Scheme 3), which represent carbon analogues of the binucleating ligands 4 and 6, respectively. These ligands were made by analogous procedures to those described above, but with phenyl rings replacing two of the pyridine rings [16, 17] . Such doubly metallated compounds have also been shown to assemble into unusual box-like structures [18, 19] and more recently to act as metallomesogens [20] . We have recently extended this to the synthesis of the first compound (9) containing a triply palladated benzene ring [21] . 
Chiral Ligands
Chiral N,N'-bidentate ligands are extensively employed in asymmetric synthesis as chiral auxiliaries. For example, metal complexes of C 2 -symmetric chiral bis-oxazoline ligands have found numerous applications as catalysts for a diverse range of organic reactions [22] . These ligands use the conformationally free side chains of amino acids to differentiate the faces of the oxazoline rings. We have synthesized numerous chiral ligands that incorporate a rigid bornane unit, derived from natural camphor, fused to various heterocycles, such as pyrazole, pyrazine and pyrimidine. von Zelewsky and co-workers have described many related ligands containing fused pinane units [23] . The syntheses of some representative examples are shown in Scheme 4. Formylation of camphor (10) gave the 1,3-dicarbonyl compound 11, which was condensed with hydrazine to give the chiral pyrazole 12. This, in turn, was used to prepare a range of bidentate ligands, such as 13 [24] , as well as tridentate [25, 26] , tripodal [27] and binucleating [27] ligands. Intermediate 11 was also condensed with guanidine, the resulting amine diazotized to give 14 which was subjected to nickel(0)-mediated coupling to prepare the C 2 -symmetric chiral bipyrimidine 15 [28] . Amination of camphor gave the derivative 16, which underwent oxidative dimerization to the C 2 -symmetric chiral pyrazine 17, which was used for the construction of chiral coordination polymers [29] .
Polyheteroaryl-linked Arenes
We have synthesized a large family of ligands represented by the generalized structure 18 ( Figure  1 ). These consist of a central arene core to which is appended a number (n) of heterocyclic N-donor rings attached via a spacer group (X) of variable length. Changing the arene core, the type of heterocycle, the spacer and the number (n) of arms, allows access to a library of ligands that we have used for the formation of both discrete multinuclear molecular species and extended coordination polymers. Figure 1 .
As arene cores we have employed benzenes, naphthalenes, biphenyls, binaphthyls, biphenylenes and triphenylenes. The spacer groups have been single atom linkers (O, NH, CO, CH 2 , S, etc), two atom linkers (CH 2 O, CH 2 S, CH=CH, N=N, etc), three atom (CH 2 CH 2 CH 2 , CH 2 OCH 2 , etc) or longer. The heterocycles incorporated include both azines (pyridines, quinolines, etc) and azoles (pyrazoles, imidazoles, tetrazoles, benzotriazoles, etc). Variation in the number n between 2 and 10 has been employed.
The syntheses of five representative examples are shown in Scheme 5. The first of these (19) contains a benzene core, with three pyrazole donors attached via methylene linkers. The three ethyl substituents serve to pre-organize the substituents on alternating faces of the benzene ring [30] . It was prepared from commercially available 1,3,5-triethylbenzene by triple bromomethylation, followed by nucleophilic substitution with pyrazolate anion and used to prepare one of the first adamantanoid M 6 L 4 molecular cages [31] . Related ligands were also used to prepare a new class of compounds called coelenterands [32] . The second example (20) has an ortho-xylylene unit attached to two N,N'-chelating subunits and was prepared from 3-(2-pyridyl)pyrazole and 1,2-bis(bromomethyl)benzene, as shown. Upon reaction with silver nitrate it self-assembled into a novel trinuclear complex containing a linear Ag 3 array [33] . The third example (21) consists of a triphenylene core with six 2-pyridyl substituents attached through two atom (OCH 2 ) linkers. It was prepared as shown and forms binuclear and trinuclear copper complexes [34] .
Helicates are some of the most well studied metallosupramolecular assemblies [35, 36] . The fourth ligand (22) has two benzotriazole donors attached via methylene spacers to a meta-substituted benzene ring. It was prepared by alkylation of benzotriazole with 1,3-bis(bromomethyl)benzene and formed a novel triple-stranded helicate upon reaction with silver nitrate [37] . Finally, the very simple ligand 23, which is readily prepared from para-dibromobenzene and 3-hydroxypyridine, has been used to prepare the first example of a quadruple-stranded helicate [38] .
Conclusions
The five classes of ligands described above represent a diverse range of ligands that are readily prepared from commercially available starting materials in short synthetic sequences. Their reactions, with appropriate transition metal reagents, lead to a fascinating array of discrete or polymeric metallosupramolecular architectures, in highly efficient self-assembly processes.
